INTRODUCTION
The poppy (Papaver somniferum) possess a wide spectrum of impressive properties. Throughout history they have been used as a source of narcotic compounds, namely morphine and its analogues such as codeine, thebaine and oxycodone, used as analgesics [1] [2] [3] . The beneficial composition of fatty acids in poppy seed oil enable it to be used as a carrier for cancerostatics and cyclosporine A in treatment of some diseases [4] . Poppy seeds and oils are also important raw materials for industrial products. For example, poppy oil is used in the food industry and for the production of high-quality artistic paints, varnishes and cosmetics [1] . Alternatively, poppy seeds can be used as a source of biogas and biofuels [5] . Increasing consumer demand for products made with poppy seeds necessitates the introduction of new fast and robust technologies for monitoring production processes and quality improvement. To assess the biological quality of products, a detailed analysis of metabolic profiles can be extremely helpful. Changes in these profiles may determine the usefulness of raw products for further processing. From the various analytical techniques used in metabolomic analysis, nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) have played the most important roles [6] [7] [8] [9] . These techniques have been frequently used to assess the quality of different types of fruit and vegetables, cereals, milk, cheese and many other food products [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, only a few metabolomic studies on poppy products have been reported in the literature. Hagel et al. used NMR spectroscopy and genomic data to study opium poppy alkaloid metabolism. They presented the creation of a special platform to describe the gene-metabolite relationships in the benzylisoquinoline alkaloids biosynthesis pathway [2] . Another study by Choe et al. showed the usefulness of metabolic profiling to effectively classify three types of poppies (P. somniferum, P. rhoeas, P. setigerum) [19] . The high content of fats, acids and oils in poppy seeds is associated with food spoilage caused the most frequently by rancidification [20] . This process results in changes in taste and should be evaluated prior to making a decision on poppy usability for consumption. Therefore, the oxidative stability of lipids may be an important parameter for quality control. Degradation processes, which occur especially after seed grinding, are the result of different mechanisms. The first is autolysis, which is related to improper storage and the activity of intracellular hydrolytic enzymes, mostly lipases and lipoxygenases, that decompose fats to free fatty acids, mono-and diglycerides and glycerol [21] . It is worth to be mention that lipids oxidation processes can be also generated by chemical factors such as free radicals, metal ions, atmospheric oxygen, light, increased temperature and humidity [23, 24] . The rancidity process may be interrupted by brewing of the poppy seeds. The proper combination of brewing conditions (time, temperature, pressure) can interrupt adverse effects, which significantly affect the flavor of the ground poppy seeds. The aim of this study was to identify specific metabolite biomarkers that could be used to assess the rancidification of poppy seeds. This was achieved by combining NMR spectroscopy and chemometric tools. Additionally, the changes in metabolic profile during the brewing process were monitored, which allowed us to select a set of metabolites that could affect the flavor quality desired by consumers.
MATERIALS AND METHODS

Sampling and sample preparation
Poppy seeds used for analysis of the rancidity course came from the same batch. Samples were analyzed at five points in time: starting at once after grinding of raw poppy seeds (0), and then subsequently after one (I), two (II), three (III) and four (IV) weeks. The rancidity process was induced by leaving the milled product in a closed, plastic container in a place with indirect sunlight. Samples were prepared in triplicate for each week for a total of 15 samples. The samples (dry mass 0.05 ± 7.32*10 -5 g) were frozen in liquid nitrogen in Eppendorf tubes with steel beads and disrupted using a homogenizer (Tissuelyser LT, QIAGEN) for 30 seconds with 50 Hz frequency of shaking. Samples were again frozen in liquid nitrogen for 10 minutes and homogenized for 30 seconds. The obtained mass was suspended in 1 ml of 0.2 M phosphate buffer [pH = 7.4, containing 33% D 2 O, 3 mM sodium azide and 3 mM sodium salt of trimethylsilyl-2,2,3,3-tetradeuteropropionic acid -TSP (used as an internal standard)]. Solutions were again shaken for 5 minutes with the same frequency. To remove cellular debris and substances that were insoluble in PBS, samples were centrifuged at 15 000 g for 5 minutes. Supernatants (850 μl) were filtered and 650 μl aliquots were transferred into 5 mm NMR tubes prior to taking measurements. Samples utilized for the analysis of the brewing process of poppy seeds (all from the same batch) were prepared by grinding un-brewed (N), well-brewed (G) and over-brewed (T) raw products. The brewing process was conducted according to the following conditions: a linear increase in temperature to a value of 86.1°C for 2 h 10 min. Over-brewing of the poppy seed samples was achieved by carrying out the brewing process for a longer time than required. Then, the samples were immediately prepared for further analysis. Samples were prepared in ten replicates of each group, resulting in 30 samples. The dry mass weighed 0.05 ± 7.32*10 -5 g, and further steps were the same as described above.
H NMR measurements
All NMR spectra were recorded with the Bruker Biospin Avance II (Bruker, GmbH, Germany) NMR spectrometer, operating at a proton frequency of 600.58 MHz. The standard 1 H NMR pulse sequence with water suppression was used. Spectra were acquired at 300 K after being kept for at least 3 minutes inside the spectrometer. For each sample, 16 consecutive scans were collected, resulting in 64k data points and a spectral width of 20.01 ppm. The relaxation delay and the acquisition time were set at 3.5 s and 2.73 s respectively. All spectra were manually phased and the baseline corrected using Topspin 1.3 software (Bruker, GmbH, Germany) and referenced to the TSP signal (δ = 0 ppm). The identification of compounds in the poppy seed samples was performed using 1D and 2D 
Multivariate statistical data analysis
Prior to multivariate data analysis, spectra were preprocessed. Data reduction was performed by binning spectra into 0.005 ppm width buckets (region 0.5-10.0 ppm), leading to 1900 variables after excluding the residual water signal region (4.57-5.02 ppm). Data were normalized by dividing each spectral bucket by the total spectra area. The transformed data matrix was exported to SIMCA-P software (v 13.0, Umetrics, Umeå, Sweden). Data were scaled using Pareto scaling. For rancidity and brewing samples, principal component analysis (PCA) was performed. Additionally, for the brewing process, orthogonal projections to latent structures discriminant analysis (OPLS-DA) models were built [25] . The levels of each assigned metabolite were calculated as the relative integral of signals based on regions without signal overlap. The metabolites responsible for sample separation in the rancidity process of poppy seeds were visualized based on the distribution plot of average values of metabolites. Metabolites in the brewing process were tested using Student's t test (STATISTICA 10). The 0.05 level of probability was used as the criterion for statistical significance.
RESULTS AND DISCUSSION
Representative 1 H NMR-spectra for poppy seeds are shown in Fig. 1 . In total, 34 metabolites were identified based on typical 2D NMR experiments and are summarized in Table 1 . All assignments were verified using the Biological Magnetic Resonance Data Bank (BMRDB) and the Human Metabolome Database (HMDB). The intracellular poppy seed metabolome observed by NMR spectroscopy can be divided into several groups of compounds: lipids, fatty acids (caprate), amino acids (isoleucine, leucine, valine, alanine, glutamate, aspartate, asparagine, tyrosine, phenylalanine), metabolites from the TCA cycle (succinate, fumarate), from glycolysis (ethanol, lactate, acetate, pyruvate, glucose), from amino acid metabolism (choline, phosphocholine, ethanolamine, glycerol, aminohippurate, trigonelline), from propanoate metabolism (acetone, propylene glycol), from butanoate metabolism (4-aminobutyrate), from pyruvate metabolism (formate, methanol), from myo-inositol phosphate metabolism (myo-inositol), sugars (sucrose, maltose) and from pyrimidine and purine metabolism (uridine, adenosine, xanthine). H NMR spectra of poppy (Papaver somniferum) seeds obtained from: A -rancid seeds; B -well-brewed seeds; C -un-brewed seeds. The metabolites assigned in the spectra are labeled with the same numbering scheme as in Table 1 . 
Rancidity process of poppy seeds
To visualize data, PCA based on the whole NMR fingerprint was performed and showed separation of samples into five groups ( Fig. 2A) . The groups well correspond to the five sample collection periods. The first principal component (PC1) explained 73.2% of the variance and was sufficient to distinguish between all time-points. The second principal component (PC2) explained only 11.0% of the variance. During the rancidity process, 10 metabolites were significantly affected: lipids, choline, sn-glycero-3-phosphocholine, ethanolamine, glycerol, acetate, formate, glucose, sucrose and methionine (Fig. 2B, Fig. 3 ). Fig. 3 . Level of statistically significant metabolites in the rancidity process of poppy seeds. Five points in time: raw poppy seeds (0), after one week (I), two weeks (II), three weeks (III) and four weeks (IV)  -average;  -raw data.
Our studies have confirmed the well-known mechanism of food deterioration from rancidification and provided new insight into the monitoring of this process using NMR spectroscopy. According to the literature, ground poppy seeds exhibit a decreased level of lipids when exposed to daylight, most probably triacylglycerol's, monounsaturated fatty acids such as oleic acid (18:1), polyunsaturated acids e.g. linoleic acid (18:2) and linolenic acid (18:3), and saturated fatty acids such as palmitic acid (16:0) and stearic acid (18:0) [20, 26] . In this study a decrease in the level of choline, sn-glycero-3-phosphocholine and ethanolamine was observed, suggesting decomposition of various phospholipids [27] . This assumption could be supported by the up-regulation of glycerol over time, which is the end point of lipid oxidation. Acetate and formate were observed to behave differently during the rancidity process. Methionine is an important precursor of flavor properties, because it is responsible for the formation of off-flavors (bitter compounds) and off-odors (volatile compounds) [28] . A decrease in the glucose level was initially observed, but in the following week an increase in the glucose concentration with a simultaneous decrease in sucrose was observed. These sugars are closely related (through the conversion of sucrose to glucose and fructose). Thus, two time-dependent trends in glucose content were observed.
Brewing process of poppy seeds
The preliminary data analysis revealed that three observations from each group were outliers (data not shown). Therefore, for further analysis only seven samples for each group were used. Examination of the PCA score plot (Fig. 4A) showed a clear separation between all three analyzed groups: un-brewed, wellbrewed and over-brewed poppy seeds, with 87.67% total explained variance (using two principal components). The G and T groups were close together in terms of PC1 and greatly differed from N, which formed a separate cluster. The main differences corresponding to the brewing process were located in PC1 with 78.4% explained variance. PC2 explained only 9.27% of the variance, but it was sufficient to perfectly distinguish between G and T stages. This finding suggests that over-brewing has an impact on the metabolic profile of poppy seeds. To validate the PCA results and investigate the specific metabolic differences between particular groups, supervised OPLS-DA models were built (Fig. 5 ). Each obtained model consisted of one predictive and one orthogonal component.
The N vs. G comparison (Fig. 5A ) revealed perfect separation between the two groups. Moreover, analysis of the OPLS coefficients (Fig. 5 ) and the statistical analysis (Fig. 6) showed that the 17 variables responsible for the differentiation crossed the level of statistical significance at α = 0.05. They were carbohydrates (glucose, sucrose, maltose), amino acids (alanine, GABA, glutamate), organic acids (succinic acid, pyruvic acid, formate, acetate), lipids and fatty acid (capric acid), monoglyceride (sn-glycero-3-phosphocholine, glycerol), choline, phosphocholine and myo-inositol. Next, the G vs. T comparison (Fig. 5B ) also indicated the same set of affected metabolites, except for four that did not cross the level of statistical significance (P > 0.05), namely lipids, choline, glycerol and myo-inositol. The changes in metabolic profiling that occurred in brewed poppy seeds suggest that the increased viability of poppy cells during the brewing process is associated with the appearance of the up-regulated activity of enzymes. Moreover, the integrity of the membranes and cell walls of the seeds could be damaged by the rise in temperatures and pressure. The N samples were characterized by the highest amount of lipids, whereas in both G and T, the levels of lipids were significantly reduced. Simultaneously, an increased level of myo-inositol, choline, phosphocholine, glycerol and acetate Fig. 6 . Level of statistically significant metabolites in un-brewed poppy seeds, well-brewed poppy seeds and over-brewed poppy seeds.  -average;  -raw data.
was observed. Lipids are a group of substances in plant products -and especially in seeds -that acts as a highly concentrated energy source [29] . In contrast, the complex of fatty acids (phospholipids, glycerophospholipids, glycoglycerolipids, glycosphingolipids, waxes) which occur in the cell membrane are responsible for regulating permeability [30, 31] . This could be the outcome of initial changes in lipid catabolism by the hydrolytic decomposition of the ester bonds between the hydroxyl groups of glycerol and acyl moieties that are catalyzed by lipases. Hydrolytic decomposition led to decrease of lipids [27] . Therefore, a substantially increased level of myo-inositol, glycerol, choline phosphocholine and sn-glycero-3-phosphocholine (alcohols, which are compositions of phosphoglycerides) and caprate (fatty acid) in the G samples was observed. The reduced level of capric acid at the T stage and increased level of acetate might be associated with the oxidation processes of free fatty acids through β-oxidation mechanisms. The β-oxidation mechanisms require acetyl-CoA molecules, which are connected with fatty acids. The subsequent series of biochemical reactions results in an irreversible reduction of the length of the fatty acid chains and the formation of activated acetate moieties. The reactions of lipid catabolism require a substantial quantity of energy, because most reactions are ATP-dependent. Therefore, we observed a dramatically reduced level of glucose in the G and T samples. This was confirmed by the concomitant increase in the level of pyruvic acid and succinic acid in the G and T samples. The increased level of formate might be created via pyruvic acid as a result of the formate acetyltransferase action. Simultaneously, during the brewing of the poppy seeds, changes in the composition of the carbohydrates, namely increased levels of sucrose and maltose, were observed, which might have an influence on the taste of the product. The initial increase in the alanine level in the G samples followed by a decrease in the T samples, with possible contribution into the citric acid cycle through pyruvate, is inversely correlated with glutamate fluctuations. All the changes in level of metabolites may be connected with two processes. The reaction rate increases with a certain temperature rate, which is high in the brewing process (Fig. 7) . Moreover, the hydration of dry poppy seeds may cause within grains a reduction of the effect of external temperature [32] . However, not all findings are easy to explain based only on these assumptions. As a result of the brewing process, we also observed the relationship between levels of two other amino acids, glutamate and GABA. Simultaneously, an increased level of GABA with a decreased level of glutamate in the G samples was observed (Fig. 5) . GABA is synthesized from glutamate by the action of glutamate decarboxylase (GAD), so the observed changes are interrelated. In the G samples, accumulation of GABA, which resulted from GAD activity, was observed [33] . In plant tissue, an increased concentration of GABA is often connected with a response to stress factors, e.g. anaerobic conditions, low pH, low or high temperatures and darkness or mechanical manipulation [33] . In mammals, GABA is one of the major neurotransmitters which lower blood pressure and reduce stress [33, 34] . Therefore, the consumption of poppy seeds may produce a calming effect or sleepiness. Further brewing resulted in an increased level of glutamate and a decreased concentration of GABA in the T samples. This was caused by the catabolism of GABA through the GABA shunt (in mitochondria with the involvement of GABA transaminase and succinic semialdehyde dehydrogenase). The increase in the concentration of glutamate in the T poppy seeds might lead to an improvement in taste. Glutamate is a well-known neurotransmitter responsible for stimulating the unique umami taste, considered to be delicious [33, 35, 36] . Therefore, the question arises as to whether longer brewing of poppy seeds improves taste. Further research on this point would be interesting, but economic factors should also be taken into account since longer brewing increases the overall costs. The obtained results clearly show that NMR spectroscopy combined with multivariate data analysis has great potential in monitoring the chemical changes that take place in poppy seeds that are subject to natural processes (rancidity) as well as industrial processes (brewing). To the best of our knowledge, this is the first report on the application of metabolic fingerprinting to monitor the rancidity and brewing processes of poppy seeds. Our studies have confirmed the well-known mechanism of food deterioration from rancidification and provided new insight into the monitoring of this process using NMR spectroscopy. A set of statistically significant biomarkers that are low molecular weight compounds were found to have diagnostic significance, and changes in the concentration of these compounds were explained relative to the biochemical processes under the influence of external factors such as exposure to daylight and temperature. These data provide valuable and comprehensive information to gain a better understanding of the biology of rancidity and brewing processes, while revealing the potential for applying NMR spectroscopy combined with multivariate data analysis tools for quality control in food industries involved in the processing of oilseeds.
